ABSTRACT: Shotgun proteomic analysis was performed of epidermal scale, feather, beak and claw from the domestic chicken. To this end, the samples were separated first into solubilized and particulate fractions, the latter enriched in isopeptide cross-linking, by exhaustive extraction in sodium dodecyl sulfate under reducing conditions. Among the 205 proteins identified were 17 keratins (types α and β), 51 involved in protein synthesis, 8 junctional, 8 histone, 5 heat shock, and 5 14-3-3 proteins. Considerable overlap among the beak, claw, feather, and scale samples was observed in protein profiles, but those from beak and claw were the most similar. Scale and feather profiles were the most distinctive, each exhibiting specific proteins. Less than 20% of the proteins were found only in the detergent-solubilized fraction, while 34−57% were found only in the particulate fraction, depending on the source, and the rest in both fractions. The results provide the first comprehensive analysis of the content of these cornified structures, reveal the efficient use of available proteins in conferring mechanical and chemical stability to them, and emphasize the importance of isopeptide cross-linking in avian epithelial cornification.
■ INTRODUCTION
Corneocytes of mammalian and avian epidermis and appendages have long been known to constitute chemically resistant protein structures stabilized by disulfide and isopeptide cross-links. Considerable effort has been devoted to identifying the protein components of such structures and how they are assembled. Findings that hair proteins exhibit ε-(γ-glutamyl)lysine isopeptide bonds 1 and that hair follicles express transglutaminase activity 2,3 provided a conceptual framework for understanding the cohesiveness of these structures and their resistance to solubilization. These findings led to an appreciation for the wide distribution of transglutaminase-mediated isopeptide bonding in nature 4 and to continuing interest in related human disease processes. 5 While many keratins and keratin associated proteins can be solubilized from corneocytes by strong denaturants under reducing conditions, direct identification of non-extractable proteins in them has presented difficulties due to the inability to reverse isopeptide cross-linking so as to isolate the constituents. Isolation and sequencing of individual peptides from proteolytic digests of complex intracellular structures is possible, and sites of cross-linking have been deduced from peptides exhibiting more than a single amino terminus. 6 With great difficulty, a small number of proteins have been identified as corneocyte components from human epidermis 7 and cultured human epidermal cells, 8 and the presence of most has been confirmed immunochemically. 9 Analogous to those in mammals, chemically resistant corneocyte structures containing ε-(γ-glutamyl)lysine crosslinks are visible ultrastructurally in chicken epidermis and bird feather. 10−12 Identifying the protein components of avian corneocytes participating in isopeptide bonding in avian epidermis and appendages would contribute to understanding their development and evolution. Until the recent advent of genomics, permitting compilation of protein and peptide databases, pursuing such analysis has appeared daunting. However, current advances in mass spectrometry and database searching have simplified identification of proteins in complex structures. Successful application of this approach to crosslinked proteins of the human and mouse hair shaft 13, 14 has prompted the present analysis of cross-linked constituents of chicken corneocytes. The results provide a comprehensive analysis of the divergence of corneocytes at different anatomic sites.
■ EXPERIMENTAL SECTION Sample Preparation
Samples for analysis were removed from four retired breeder hens within 2 h of sacrifice. Feather vein was cut free of rachis. Scale tissue was removed from the lower leg, heated 2.5 min in water at 55°C, and then held 3 min in ice-cold isotonic saline, after which the scales were dissected free of dermis. 15 Upon removal, beak and claw were dissected clean of soft tissue after incubating at 100°C for 5 min in 2% sodium dodecyl sulfate/ 0.1 M sodium phosphate, pH 7.8. Adventitious material was then removed from each sample (50 mg) by incubation three times at 100°C for 5 min in this sodium dodecyl sulfate/ phosphate buffer. Samples were separated into solubilized and insoluble fractions by extraction for 22 h at 70°C with sodium dodecyl sulfate/phosphate buffer adjusted to 20 mM in dithioerythritol followed by pulverization with a magnetic stirring bar for 2 h and subsequent centrifugation. This extraction was conducted a total of 5 times, a procedure that stringently removes the solubilizable material from the insoluble cross-linked material in human hair shaft, nail plate, and epidermis. 16 Of the total protein solubilized, the first of these extractions removed 80−90%, the second removed up to 16%, and the third removed the remainder, up to 6%. Little protein was detected in the final two extractions. Detergentsoluble protein and the insoluble protein were reduced separately with dithioerythritol, alkylated with iodoacetamide, precipitated with 2.5 vol of ethanol, and rinsed with 67% ethanol and then 0.1 M ammonium bicarbonate. The protein was resuspended (1−5 mg/mL) in 0.5 mL of fresh ammonium bicarbonate/10% acetonitrile and digested at room temperature for 3 days using a total of 0.14 mg of reductively methylated trypsin 17 added in aliquots at daily intervals. Protein was measured with ninhydrin after digestion with sulfuric acid as described by Schiffman 18 with minor modification. In this way, the residual protein not solubilized by trypsinization was measured as 3−10% of the starting protein in solubilized or particulate fractions from feather and scale.
A total of 32 samples were submitted for mass spectrometric analysis arising from beak, claw, feather, and scale, each divided into solubilized and particulate fractions, from four individual chickens. Salts and polypeptides that resisted elution from C18 reverse phase columns were depleted from samples by solid phase extraction with Aspire RP30 C18 desalting tips (Thermo) rinsed exhaustively in order with 60% acetonitrile, 0.1% trifluoroacetic acid, the sample digest, and 0.1% trifluoroacetic before the cleaned sample was eluted with 60% acetonitrile. The samples (adjusted to equal peptide amounts by A 280 ) were then directly loaded onto an Agilent ZORBAX 300SB C18 reverse-phase trap cartridge that, after loading, was switched in-line with a Michrom Magic C18 AQ 200 μm × 150 mm nano-LC column connected to a Thermo-Finnigan LTQ iontrap mass spectrometer through a Michrom Advance Plug and Play nanospray source and CTC Pal autosampler. The nano-LC column was used with a binary solvent gradient; buffer A was composed of 0.1% formic acid, and buffer B was composed of 100% acetonitrile. The 120 min gradient consisted of the steps 2−35% buffer B in 85 min, 35−80% buffer B in 23 min, hold for 1 min, 80−2% buffer B in 1 min, then hold for 10 min, at a flow rate of 2 μL/min for maximal separation of tryptic peptides. An MS survey scan was obtained for the m/z range 375−1400, and MS/MS spectra were acquired from the 10 most intense ions in the MS scan by subjecting them to automated low energy CID. An isolation mass window of 2 Da was used for the precursor ion selection, and normalized collision energy of 35% was used for the fragmentation. A 2 min duration was used for the dynamic exclusion.
Protein Identification
Tandem mass spectra were extracted with Xcalibur version 2.0.7. All MS/MS samples were analyzed using X!Tandem (The GPM, thegpm.org; version TORNADO (2010.01.01.4)). X! Tandem was set up to search the GallusUn_20110630_no-DOfb database (60902 entries) assuming the digestion enzyme trypsin. X! Tandem was searched with a fragment ion mass tolerance of 0.40 Da and a parent ion tolerance of 1.8 Da. Iodoacetamide derivative of cysteine was specified in X! Tandem as a fixed modification. Deamidation of asparagine and glutamine, oxidation of methionine and tryptophan, sulfone of methionine, tryptophan oxidation to formylkynurenin of tryptophan, and acetylation of the N-terminus were specified in X!Tandem as variable modifications. Scaffold (version Scaffold_3_00_08, Proteome Software Inc., Portland, OR) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 90% probability as specified by the Peptide Prophet algorithm. 19 Protein identifications were accepted if they could be established at greater than 90% probability and contained at least 2 identified peptides. The false discovery rate was 2% for proteins and 0.1% for peptides. Protein probabilities were assigned by the Protein Prophet algorithm. 20 Proteins that contained similar peptides and could not be differentiated on the basis of MS/MS analysis alone were grouped to satisfy the principles of parsimony. Numbers of unique peptides (minimum two for identification) were tabulated as a basis for further analysis. A protein was considered present when detected in at least two of the four samples from either the solubilized or particulate fraction of at least one sample category (beak, claw, feather, scale). As previously noted, 16 isopeptide cross-linked peptides would not be detected in database searches since the sites of protein crosslinkage are not known. Since only a small fraction of lysines (<20% in epidermal callus) participate in these linkages, identifications are hampered to only a small degree.
Statistical Analysis
Poisson regression allowing for overdispersion (specifically, quasipoisson regression) was used to model the number of unique peptides for each protein as a function of body part (beak, claw, feather, or scale) of the chicken. 21 For proteins where the global test of a body part effect was significant (indicating that differences in number of unique peptides existed between at least one pair of body parts, but not which ones), posthoc testing of all pairwise comparisons was conducted using the Tukey HSD method. Data from the solubilized and particulate fractions were analyzed separately. Proteins that were absent in more than 75% of the 32 samples were excluded from the analysis, leaving 100 proteins in the analysis from the original 224. All analyses were conducted in R, version 2.13.0, 22 using the function glm. Hierarchical clustering was performed using the hclust function in the R statistical software environment using the complete linkage method as described in http://nlp.stanford.edu/IR-book/html/ htmledition/single-link-and-complete-link-clustering-1.html. 23 
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■ RESULTS
Of the total protein in the samples, 7.1 ± 0.6% was in the particulate fraction in feather, 5.8 ± 0.6% in scale, 2.5 ± 0.5% in beak, and 1.5 ± 0.3% in claw. A compilation of results from all particulate and solubilized samples revealed a total of 205 identified proteins originating from various intracellular compartments (Supplemental Table S1 ). Of these, 81% corresponded to known proteins in mammals. In addition to keratins (17) , numerous ribosomal proteins (38) , initiation/ elongation factors (13), junctional proteins (8), histones (8), heat shock proteins (5), and 14-3-3 proteins (5) were identified. When they were stratified for their presence in the particulate fraction only, solubilized fraction only, or in both fractions, 13−19% were seen only in the solubilized fraction, while 34−57% were seen only in the particulate fraction, and 24−53% were seen in both fractions depending on the sample category.
The most proteins were observed in samples from feather (143) and beak (140), while fewer proteins were identified in the claw samples (97) and the fewest in scale (52) as illustrated in Table 1 . These constituents were subjected to hierarchical clustering analysis. For this purpose, the proteins were compared on the basis of presence in any fraction. In the extreme case, a protein found only in the solubilized fraction from one sample category and only in the particulate fraction of another sample category (two such cases observed) were not considered a mismatch. A compilation of mismatches in pairwise comparisons is given in Table 2 . In this way, the claw and feather samples displayed the fewest mismatches (53), while scale and feather displayed the most (129). A hierarchical representation of the mismatch distances is given in Figure 1 .
Visual inspection of the profiles revealed considerable differences among the proteins in expression level according to sample category. Some of the more striking contrasts are illustrated in Figure 2 . Among the prominent proteins (those with many unique peptides), a dozen showed distinctly different values in the feather samples compared to the others (Figure 2A,B) , while a half dozen displayed striking differences in the scale samples compared to the rest ( Figure 2C ), and several showed higher levels in the beak and claw compared to feather and scale ( Figure 2D) .
To document such differences more accurately, the solubilized and particulate protein fractions were analyzed separately for significant differences among the four sample categories (Supplemental Table 2 ). As summarized in Tables 3  and 4 , each category (beak, claw, feather, scale) displayed significant pairwise differences. Of the 100 proteins amenable to such analysis, 21% exhibited significant differences on average in each fraction, and the differences ranged from 18 to 24% for the sample categories averaged between the solubilized and particulate fractions.
The higher yield of TGM3 (transglutaminase 3) in beak and claw compared to feather and scale ( Figure 2D ) raised the possibility that proteins could differ in distribution between solubilized and particulate fractions in sample categories due to different levels of enzymatic isopeptide cross-linking activity. Among the 35 proteins with the highest number of unique peptides detected, half were expressed in all four categories in sufficient amount to offer meaningful comparison. Four keratins exhibited variable degrees of inclusion in the particulate fraction but were not indicative of lower transglutaminase activity in feather and scale ( Figure 3A) . Overall, the degree of incorporation into particulate matter was comparable in the categories among several junctional and histone ( Figure 3B ), cytosolic ( Figure 3C ), and uncharacterized ( Figure 3D ) proteins, probably reflecting the presence of redundant transglutaminases. For example, low peptide levels of TGM6 were detected in the insoluble fraction of beak samples. Although TGM1 was not identified in this work, a membraneassociated activity in chicken epidermis is readily observable. 24 
■ DISCUSSION
Initial 25 and numerous subsequent determinations of amino acid composition of chemically resistant protein from the integument have indicated that constituents differ among species and even, in humans, among anatomic sites. Indeed, the distinct protein profiles of human hair shaft and nail plate bear out earlier findings of differences in their keratin expression. 26 The present data demonstrate considerable differences in protein profiles among the terminally differentiated cells of cornified avian epidermal structures. Similar study of the rachis will be of interest to provide a more complete picture of a A protein was counted as detected when at least two unique peptides in at least two samples of a given category and fraction were identified. divergent pathways within the feather. These profiles provide a valuable source of biochemical markers for investigating developmental processes such as differential gene induction as a result of epithelial-mesenchymal interactions. Use of specific markers may permit more precise analysis of manipulations of stem cells and keratinocyte cultures, 27 perhaps leading to deeper understanding of the evolution and regeneration of these appendages. 28 The evolution of tetrapod epidermis and appendages as teleost fish adapted to survival on land has provided an intriguing puzzle. Positioned between the marine and the mammalian lineages, birds provide a good contrast to the rest of the reptile lineage. Developmental and morphological studies over many years have led to the conclusion that claw and then feather in avians evolved from scale. 29, 30 Biochemical evidence for such inferences has relied heavily on studies of the β-keratins, which have been proposed to function similarly to the keratin-associated proteins in hair 31 and whose continued evolution likely assisted establishment of powered flight.
32
Present results are compatible with the proposed evolutionary pathway but identify other constituents contributing to evolution of present day structures. Moreover, a common feature in scale and appendages is the considerable degree to which many proteins participate in isopeptide bonding. This observation contrasts with a current model of isopeptide crosslinking in human epidermal corneocytes that assumes a small number of components. 33 A recurring theme in evolution is the adaptation of preexisting components for novel functions. An excellent example is the recent finding in reptile genomes of hair-like keratins, previously thought to be an innovation of the mammalian a Among the 100 proteins that were absent in less than 75% of the samples, the 74 particulate proteins exhibiting significant global differences (P < 0.05) by quasipoisson regression in numbers of unique peptides were subjected to pairwise comparisons. The values tabulated show the numbers of pairwise differences. a Among the 100 proteins that were absent in less than 75% of the samples, the 78 solubilized proteins exhibiting significant global differences (P < 0.05) by quasipoisson regression in numbers of unique peptides were subjected to pairwise comparisons. The values tabulated show the numbers of pairwise differences.
lineage. 34 Beyond the morphological changes that occurred in their diversification, the use of isopeptide cross-links that stabilize epithelial structures appears to have been an important factor in developing the cornified features of terrestrial epidermis. This feature appears to have long been present in teleosts, since it is inferred by morphology in contact organs and breeding tubercles of numerous species 35 and the lip of carp 36 as a protection from abrasive damage, and it is known to occur during egg envelope hardening. 37, 38 However, agnathans (hagfish, lamprey) exhibit cornified teeth 39 with abundant isopeptide cross-links, 11 suggesting the process of cornification went through even earlier adaptation. Tracing the molecular evolution of transglutaminases and their substrates in such aquatic species may provide a valuable perspective on adaptations permitting life on land. In the chicken, as in mammalian nail plate and hair shaft, 26 isopeptide bonding permits efficient use of available proteins to help confer great mechanical and chemical stability to cornified structures. Thus transglutaminase diversification appears to have provided an important contribution to evolution of epithelial cornification and the emergence of terrestrial tetrapods.
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